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Fermi energy. We estimated from the IPES data a full band gap of 2.5 eV for FeO.
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Inverse-photoemission measurement of iron oxides on polycr3tstalline Fe
Bong-soo Kim, Sayong Hong, and David W. Lynch
Department ofPhysics and Ames Laboratory, Iowa State University, Ames, Iowa 50011 302-0
(Received 24 July 1989)
We measured the inverse-photoemission spectra (IPES) of iron oxides grown on an Fe substrate
and calculated the band structure of paramagnetic FeO to analyze the IPES. The band-structure
calculation showed some overlap between Fe 3d states and 0 2p states in the region of occupied
states, and s,p-like states of Fe in the unoccupied region. Isochromatic IPES showed two structures
at -2.5 and -7.5 eV above the Fermi energy. We estimated from the IPES data a full band gap of
2.5 eV for FeO.
INTRODUCTION
The electronic structure of transition-metal oxides has
been of great interest. There have been two kinds of con-
tradictory calculations. One uses single-electron band
theory and the other a more localized-electron picture
that includes configuration interaction.
Since Fujimori, Minami, and Sugano successfully in-
terpreted the valence-band photoemission spectrum of
NiO considering configuration interaction with a
(Ni06)' cluster, Fe203, FeO, and MnO (Ref. 4) have
been studied with this scheme. The most intense features
in the valence-band photoemission spectrum for these
materials were found to be derived from d "L final states,
i.e., ligand-to-metal charge-transfer screening of d holes,
and the insulating gaps of these materials were interpret-
ed as a ligand 2p~ metal 3d charge-transfer gap rather
than the 3d ~3d Mott-Hubbard gap.
Band theory was thought to be inadequate for these ox-
ides because it failed to show the insulating monoxides as
insulators, despite the fact that it could give a natural ex-
planation for many other properties of the transition-
metal oxides. For example, Andersen et al. showed that
band theory could produce the lattice parameters of the
insulating monoxides, and it explained the sudden jump
of the lattice parameters from VO to MnO as a magnetic
effect. Terakura et al. could give a good explanation for
the insulating properties of MnO and NiO in the frame-
work of the local-spin-density (LSD) formalism. It was
also claimed that the difficulty with FeO and CoO was
not due to band theory itself, but to the complexity in
dealing with the local approximation in spin-density-
functional theory.
Eastman and Freeouf measured the valence-band pho-
toemission for FeO, MnO, and Crz03. They showed that
the metal 3d states are -3 eV wide, located near the Fer-
mi energy, and that the 0 states are -4 eV wide at —3
eV below the Fermi energy. Metal 3d and 0 states over-
lapped significantly. A recent resonant photoemission
study showed that configuration interaction could ex-
plain the satellite due to p-d mixing for NiO and FeO.
An angle-resolved photoemission study on a thin
FeO(111}layer epitaxially formed on an Fe(110) substrate
was reported by Masuda et al. Fe 3d states showed lit-
BAND CALCULATION
FeO has the NaC1 crystal structure. We calculated the
band structure of nonmagnetic FeO self-consistently with
a local-density approximation, using the Hedin-Lunqvist
approximation' to the exchange-correlation terms. Fig-
ure 1 shows the calculated band structure along some
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FIG. 1. Calculated energy vs momentum for (paramagnetic)
FeO.
tie dispersion while the lower-lying 02~ states exhibited
considerable dispersion. Since the FeO layer was less
than two planes thick, the bulk band structure is not ade-
quate to interpret these experiments, so that they predict-
ed a qualitative band structure for the oxygen overlayer
on Fe on the basis of a simple tight-binding picture. The
inverse-photoemission spectrum (IPES} of NiO (Refs. 9
and 10} was measured in the 9.7-eV isochromatic mode.
The spectrum was interpreted with the unoccupied metal
4s states calculated by Mattheiss. "
In this paper, we report the inverse-photoemission
spectrum and band calculation of iron oxide (FeO). In
the calculation we used stoichiometric nonmagnetically
ordered FeO despite the fact that it is actually antiferro-
magnetic. Besides simplifying the calculation consider-
ably, it may be adequate for our purpose because our ex-
perimental setup does not analyze for spin.
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symmetry lines. The Fermi level falls in the middle of the
Fe band as expected. The effect of self-consistency is to
narrow the energy gap between the Fe and 0 bands, so
there is virtually no band gap between them. The energy
difference between I » and I z5 is 0.08 Ry, compared with
about 0.48 Ry in the non-self-consistent calculation. The
Fe states and 0 states are strongly hybridized, which can
be seen in the density-of-states plot (to be discussed later).
The photoemission spectrum' also supports significant
overlap of Fe 3d and 0 2p states. The unoccupied states
are mainly Fe 4s,4p states near the Fermi energy, and a
mixture of Fe 4s,4p and 0 3d states around 7.5 eV above
the Fermi energy. Although the band structure we calcu-
lated cannot predict the band gap correctly, it can be a
good basis for interpreting the photoemission spectrum
and inverse photoemission spectra.
UNOCCUPIED STATES OF FeO
The Fe polycrystal was cleaned by repeated Ar+-ion
sputtering and annealing cycles. The Fe-oxide layer was
prepared by exposing the clean surface to 2X10 Torr
of oxygen at room temperature. Although the surface
layer must be a mixture of FeO, Fe~03, and Fe304, most
of it is believed to be FeO, since Fe(110) and Fe(100) sur-
faces favor the growth of FeO. ' A recent extended
appearance-potential measurement' also supports the
formation of FeO on polycrystalline Fe when the surface
is exposed to oxygen. IPES was taken in the 9.8-eV iso-
chromatic mode. The total experimental resolution was
about 0.6 eV and the base pressure of the chamber during
measurement was & 2 X 10 ' Torr. Details of the exper-
imental setup are described elsewhere. ' Figure 2 shows
the change of the IPES spectrum as a function of oxygen
exposure up to 20000 L at 300 K. The shoulder at —1
eV above the Fermi energy, which is from the Fe sub-
strate, was continuously attenuated and two structures at
2.5 and 7.5 eV from iron oxides grew with increasing oxy-
gen exposure. Since the pure Fe spectrum does not have
a dominant structure, it is hard to separate the contribu-
tion of the Fe substrate from the FeO spectrum. The
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FIG. 3. IPES spectrum at an intermediate state of oxidation
is decomposed into pure Fe and pure FeO contributions. Solid
line, experimental result; dashed-dotted line, difference between
the fit and the experiment.
spectrum was decomposed into Fe and iron-oxide contri-
butions by least-squares fitting to a linear contribution of
the clean iron signal and the iron oxide at 20000 L expo-
sure. The decomposition for 100 L Oz exposure is given
in Fig. 3. The dashed-dotted curve represents the
difference between the fit and experiment. The quality of
fit is not as good as that achieved for Ni0. ' The reason
for this poor fit may be that the backgrounds of Fe and
iron-oxide IPES are not so small in the high-energy re-
gion, and they are not linearly related to each other.
Moreover, there may be significant amounts of Fe&03 and
Fe304 in the surface region.
A logarithmic growth law was checked with the super-
position result by the same procedure used for NiO. '
For a logarithmic growth law, the intensity of the thin
film is given by'
S(d)=S„[1—(1+L/L ) ~],
where Lo and P are free parameters and S„ is the signal
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FIG. 2. IPES spectrum as a function of oxygen exposure up
to 20000 L on polycrystalline Fe at 300 K. From bottom to
top, clean Fe, 10 L, 20 L, 100 L, 300 L, 800 L, 20000 L 0&, re-
spectively. [1 langmuir (L)=—10 ' Torr sec.]
Logarithmic growth law (S&S~)
FIG. 4. Measured intensity of the FeO IPES spectrum com-
pared to values derived from a logarithmic growth law.
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FIG. 5. IPES spectrum of FeO (dashed), PES spectrum (Ref.
1) (dashed), and the calculated density of states (solid). The
DOS of unoccupied states was shifted about 1 eV to high energy
in order that the leading structure in the DOS was aligned with
the IPES, and the DOS is broadened by a Lorentzian of width
(FWHM) 0.2 eV for occupied states and width 0.6 eV for unoc-
cupied states in order to simulate experimental resolution.
intensity of an infinitely thick oxide film. Here we take
S„as the intensity at 20000 L O~ exposure. Le =53.6 L
and P=O. 5 give the best fit. Figure 4 shows the compar-
ison of S/S„ from the superposition result and from the
logarithmic growth law. The two sets agree reasonably
well, so it appears that the logarithmic growth law is val-
id for the iron-oxide system. A slight disagreement be-
tween the two sets may come from the difficulty in the
decomposition of the spectrum into Fe and FeO contri-
butions. The final oxide spectrum is shown in Fig. 5,
along with PES data' and the density of states (DOS}
FeO. The position of the Fermi energy in the DOS of oc-
cupied states was shifted about 0.5 eV to high energy and
the DOS of unoccupied states was shifted about I eV to
high energy in order that the leading structure in the
DOS was aligned with the IPES, and the DOS was
broadened by convolution with a Lorentzian of full width
at half maximum (FWHM} 0.2 eV for occupied states and
width 0.6 eV for unoccupied states in order to simulate
the experimental resolution. The PES spectrum was
decomposed into 0 2p and Fe 3d states on the basis of the
photon-energy dependence of the emission intensities.
Our calculated DOS gives reasonable agreement with the
photoemission data in the width, position, and the over-
lap between Fe 3d and 0 2d structures. This overlap in
the PES experiments and band calculation implies that
FeO does not exhibit perfect ionic bonding, but has some
covalent bonding between Fe and oxygen. The IPES data
show two structures, and they are well matched with the
DOS of FeO. If we assign the low intensity region in PES
and IPES to the band-gap region, the full band gap is the
energy di8'erence between the top valence band in PES
and the first structure in IPES, -2.5 eV from Fig. 5.
Optical data give a 2.4-eV band gap, ' very close to our
estimate.
CONCLUSION
We measured IPES of iron oxides grown on a polycrys-
talline Fe substrate, and calculated the band structure to
analyze the spectrum of FeO. The band calculation
showed some overlap of Fe 31 states and 0 2p states, and
s,p-like states of unoccupied states. Isochromatic IPES
showed two structures at 2.5 and 7.5 eV, which could be
identified as mainly Fe states, with a small fraction of 0
states in the second structure according to the band cal-
culation. We estimated the full band gap as 2.5 eV from
PES and IPES data. We could not identify d"~d"+'
transitions in this study, although they could be seen in
the NiO system. ' It may be because the Coulomb corre-
lation energy in FeO is smaller than in NiO.
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